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Infection of eukaryotic cells by intracellular patho-
gens such as chlamydia requires attachment to the
host cell surface. Chiamydia are thought to attach to
the tips of microvilli in confluent monolayers of po-
larized cells. In vitro evidence obtained from migrat-
ing epithelial cells suggested that during healing the
route ofpathogen uptake might be different from that
in intact epithelia. The small size of infectious chla-
mydial elementary bodies (-0.3 ,Im in diameter) has
made it difficult, however, to analyze the early stages
of pathogen-host celi interaction in living cells by
conventional microscopy. Contrast-enhanced video
microscopy was therefore used to examine the earli-
est events of host-pathogen interaction and test the
hypothesis that chlamydial uptake into the healing
epithelia can involve translocation over the host celi
surface. Observations made in this waywere validated
by scanning and immunofluorescence microscopy.
These studies revealed two fates for chlamydiae taken
onto the lamellipodial surface: 1) some chlamydiae
were moved in a random fashion on the cell surface
or were detached into the culture medium, whereas
2) other chlamydiae were translocated across the la-
mellipodium in a highly directed manner toward the
microvillous perinuclear region. After internalization,
these Latter chlamydiae were found within intracellular
inclusions, which demonstrated that this route of at-
tachment and location of uptake resulted in productive
growth. (AmJPathol1998,152:1167-1170)
Infection of the eukaryotic host cell by chlamydia begins
with attachment of elementary bodies to the cell surface.
Characterization of the initial interaction steps between
mammalian host cells and bacterial pathogens has at-
tracted considerable interest as this is a crucial point in
the pathogenesis of some infectious diseases.1 In the
case of chlamydial infection, however, more biological
information is required to explain the pathway of uptake
into the host cell.
In vitro models of chlamydial infection at mucosal sur-
faces have often involved centrifugal inoculation of chla-
mydiae onto confluent cell monolayers. When confluent
or polarized monolayers of cells become infected, attach-
ment to their apical surface may initially occur via mi-
crovilli.2 Subsequent internalization in the intermicrovil-
lous regions of the apical membrane then occurs by
endocytosis.2 However, when endometrial epithelial is-
lands are used as a model of healing epithelial surfaces
and experimentally infected, a different pattern of infec-
tion predominates.3 Cells at the periphery of such islands
are most likely to become infected. This is partly due to
the fact that very few chlamydiae attach to the apical
surface of primary epithelial islands, even after centrifu-
gal inoculation. Instead, the peripheral cells appear to
become infected as a result of removal of chlamydiae
from the substratum.4
Removal of chlamydiae from the substratum appears
similar in some respects to the removal of small inanimate
particles by a variety of cell types."7 Substratum-bound
inanimate particles initially become attached to the lead-
ing edge of a migrating cell and are then moved centrip-
etally over the cell surface toward the nucleus.e Previ-
ous in vitro observations of chlamydial infection provided
circumstantial evidence that chlamydial elementary bod-
ies may also be translocated over the host cell surface
before internalization.3'4 The aim of the present study was
to provide direct microscopic evidence that such a phe-
nomenon occurs.
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The very small size of chlamydial elementary bodies
(-0.3 ,um diameter) makes them difficult to detect by
conventional light microscopy. Video-enhanced differen-
tial interference contrast microscopy (VEDICM) therefore
seemed the ideal tool with which to study the interac-
tion.10 This form of microscopy has been used in eukary-
otic cell biology to examine cell behavior, to track the
movement of cellular organelles and to study the nucle-
ation, polymerization, and movement of macromolecular
structures such as microtubules.11 In this technique, a
small specimen area is examined by differential interfer-
ence microscopy (Nomarski optics), and the initial video
image is digitally processed in real time.
The present study has therefore investigated the inter-
action of viable chlamydiae with the outer lamellipodia
and microspikes of live epithelial cells using VEDICM.
These observations were then verified by the more con-
ventional techniques of immunofluorescence and scan-
ning electron microscopy.
Materials and Methods
Epithelial and Chlamydial Culture
A human squamous cell carcinoma (locally designated
AC3A) was cultured in DME/F12 supplemented with 10%
(v/v) fetal bovine serum, 10-7 mol/L hydrocortisone, 100
gg/ml streptomycin, and 100 ng/ml kanamycin.
Chlamydia trachomatis, serotype E, was passaged in
McCoy cells and purified on renografin gradients12 or by
filtration.13 Chlamydiae were centrifuged onto 10-mm-
diameter coverslips within culture vessels, and sus-
pended epithelial cells were then allowed to sediment
onto these. When the organisms were examined by video
microscopy, coverslips were inverted onto a drop of cul-
ture medium on a microscope slide after 2, 4, 24, or 72
hours of culture, sealed with a mixture of Vaseline, lanolin,
and paraffin wax, and examined for less than 1 hour on a
heated microscope stage (370C).
Microscopy Techniques
A small specimen area, less than the size of a large
chlamydial inclusion, was examined by DIC microscopy.
The video image was enhanced by computer processing
at video frame rate. The equipment consisted of a Zeiss
universal microscope fitted with a 200-W mercury lamp,
heat cut and narrow band interference filters, a 10OX oil
immersion objective, Wollaston prisms, a 4x projector
lens, a video camera in which the contrast could be
manipulated (Hamamatsu), and a locally constructed
digital image processor.2 The initial video image was
Figure 1. Three forms of microscopy establish that chlamydiae that comIie into contact with the leading edge of the host cell can be taken onto the apical cell surface
and transported to a perinuclear location, resulting in productive growth. a: Video-enhanced DIC light microscopy of a lamellipodium of a living cell shows
chiamydiae in association with the edge of the cell (arrowheads) and lamellipodium (arrow). b: Scanning electron microscopy shows chlamydiae attached to the
culture substratum (arrowheads), at the edge of the cell, and also on the upper surface of the lamellipodium (arrows). c: Immunofluorescence microscopy of
fixed specimens 5 hours after the start of the experiment demonstrated chlamydiae at the edge of the lamellipodia (small arrows) and in small inclusions or
lysosomes (large arrows ) in the perinuclear region. d: Inclusions containing chlaniydial reticulate bodies were directly visualized by contrast-enhanced video
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digitally processed by background subtraction, averag-
ing, and contrast enhancement via output look-up tables
that modified the relative brightness of each point in the
image. The resulting images were recorded onto S-VHS
videotape for manual analysis. Movement of individual
chlamydiae were recorded by tracing their consecutive
positions directly from the video screen onto overlying
acetate sheets.
Scanning electron microscopy was carried out on cul-
tures that were maintained for 1, 5, or 24 hours after
sedimentation of the host cells. The preparations were
then fixed in 2% (v/v) glutaraldehyde in unsupplemented
growth medium for 18 hours or more and post-fixed in 1%
(w/v) aqueous osmium tetroxide for 1 hour. The cover-
slips were then removed from the culture tubes, dehy-
drated, critical point dried, coated with 5-nm gold, and
examined with a scanning electron microscope (S360,
Cambridge, Cambridge, UK).
Chlamydiae were visualized by immunofluorescence
on methanol-fixed cultures with either mouse anti-lipopo-
lysaccharide monoclonal antibody 512F14 and swine
anti-mouse immunoglobulin-fluorescein isothiocyanate
(Dako, Glostrup, Denmark) or a rabbit polyclonal anti-
serum raised against Chlamydia trachomatis strain L434
and swine anti-rabbit-fluorescein isothiocyanate (Dako).
Results
Contrast-enhanced video microscopy allowed visualiza-
tion of individual substratum-attached chlamydiae and
observation of epithelial cell behavior (Figure 1). The
epithelial cells advanced and retracted microspikes and
lamellipodia as they changed shape and moved over the
substratum. Large areas of the substratum over which the
epithelial cells migrated became devoid of chlamydia.
This was confirmed by scanning electron microscopy
and immunofluorescence examination (Figure 1, b and
c). Subsequently, intracellular growth of the parasite was
directly visualized in the living cell (Figure ld) and cor-
roborated by immunofluorescence (Figure lc).
The interaction of the host cell periphery with the or-
ganisms had five qualitatively different results. 1) The
positions of substratum-attached chlamydiae were some-
times unaffected by the advancement and subsequent
retraction of the cell periphery and remained in the same
position. 2) Organisms were displaced from the substra-
tum into the culture medium where they were dispersed
by Brownian motion. 3) Chlamydiae were translocated
onto the upper cell surface where their paths could be
followed. 4) In some cases, the organisms eventually
detached from the host cell demonstrating the reversibil-
ity of chlamydial adhesion. Organisms that had become
detached either from the substratum or the cells could,
however, re-attach directly from the medium onto the cell
surface. 5) On other occasions, when the advancing
epithelial cells covered the chlamydiae, their fate was
unknown.
After initial attachment, chlamydial translocation oc-
curred in four distinct ways (Figure 2). Chlamydiae either





Figure 2. Paths of individual chlamydiae on the cell surface. a: An organism
was transported from the substratum onto the lamellipodial surface as a long
cell process was retracted and the edge of the cell advanced to the left over
a period of 3 minutes. b: A particle was translocated from the edge of the
lamellipodium toward the nucleus (right) over a period of 25 minutes in a
highly directional manner. The path became more convoluted as the particle
reached the lamellipodial junction with the perinuclear cytoplasm (arrow).
Interval between points on the track, 1 minute. c: A more complex event, which
lasted 12 minutes, in which an organism was transported along the edge of the
lamellipodium (heavy solid line) before floating off into the culture medium
(broken line). The nucleus was located below the area shown. The two wavy
lines indicate the positions of the lamellipodial edge at the beginning (1) and
end (2) of the tracking periods (b and c). Bars, 2 ,tm.
toward the nucleus or the periphery, were transported
laterally along the periphery of the cell, moved forward
toward the leading edge of the host cell, or were trans-
located in a highly directional fashion backwards to the
junction of the lamellipodium with the perinuclear cyto-
plasm.
Once chlamydiae had been transported over the la-
mellipodium to the boundary with the perinuclear cyto-
plasm, they were then lost from view. Although individual
chlamydiae within the cytoplasm could not be distin-
guished from cellular components, inclusions containing
as few as four reticulate bodies were clearly identifiable.
Individual chlamydiae within inclusions were either found
in association with the inner face of the inclusion mem-
brane, present as aggregates, or were noted to move
freely by Brownian motion.
Discussion
Highly motile epithelial cells were used in this study,4
mimicking cell behavior at the edge of epithelial sheets
during the course of wound healing7. Epithelial cells lo-
cated at the edge of epithelial sheets have very actively
moving peripheries. In contrast, cells within the sheets
are restricted by cell-to-cell contacts. A similar situation
I
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may occur in vivo during regeneration of mucosal sur-
faces, ulcerated by chlamydia or other pathogens, after
mechanical trauma, or after physiological shedding of the
endometrial epithelium at menstruation. In these situa-
tions, cycles of re-infection with chlamydia may occur if
infected cells are damaged and release elementary bod-
ies. Alternatively, wound healing may be a time during
which the host cell is vulnerable to de novo infection.
Previous evidence from endometrial culture suggests
that cells within epithelial sheets are in fact less prone to
infection than those at the periphery.3 This enhanced.
infectability seems to be associated with removal of chla-
mydiae from the substratum.3'4 During the course of ep-
ithelial migration, the cells spread out to occupy an area
larger than that which they would cover in a stationary
sheet such as the premenstrual endometrium in vivo.15
Epithelial cells are known to form wide protrusions called
lamellipodia from which fine processes called micro-
spikes are advanced and retracted in a cyclic fash-
7,811 ation. It is this activity at the cell edge that causes the
chlamydiae either to be dispersed into the culture me-
dium or swept onto the apical surface.
The majority of our observations were made on these
lamellipodial regions where chlamydial translocation is
easiest to observe. This is mainly due to the fact that the
upper surface of lamellipodia is devoid of microvilli,
which are, in contrast, found in the perinuclear region.
Lamellipodia thus have a relatively smooth appearance
when observed by scanning electron microscopy. The
movement of chlamydiae on the lamellipodia is similar to
that observed for inanimate particles of various materials,
sizes, and surface characteristics.68916 In particular,
beads that attached directly at the free outer edge of a
lamellipodium were transported rearward, whereas those
that attached directly onto the lamellipodial surface at a
distance from the periphery diffused randomly.16 This
may be explained by the concentration of particular cell
surface glycoproteins in microspikes.17 As movement of
these surface-attached particles is considered to be a
marker for active redistribution of cell surface glycopro-
teins during cell shape changes,9 17 it is likely that patho-
gens bound to their receptors would undergo a similar
redistribution.
The size of the chlamydial elementary body is also
likely to be of relevance in the translocation event, for it
has been shown that small (40-nm) gold particles are
rarely transported away from a cell edge, whereas the
probability of aggregates (>100 nm) moving rearward
from the peripheral zone is much greater. This might
simply be explained by cross-linking of membrane gly-
coproteins, which has been associated with capping of
cell surface antigens.18
The results presented here suggest that the peripheral
zone of the migrating epithelia also contains cell surface
proteins that may act as chlamydial receptors and move
centripetally in association with cytoskeletal components,
indicating a form of selective uptake of the parasite.
In future, contrast-enhanced video microscopy might
also be used with equal effect to study the influence of
agents such as penicillin or interferon-y, microenviron-
mental changes, eg, nutrient19 that modifies chlamydial
development within the inclusion, other cell-pathogen in-
teractions, or new therapeutic strategies in appropriate in
vitro models.
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